ABSTRACT Bovine vascular endothelial cells do not grow when cultured at low density unless fibroblast growth factor is included in the culture medium. When endothelial cells obtained from the intimal surface of fetal and adult aortas were seeded at low density (8 cells per cm2), they formed small colonies of large, irregular, vacuolated cells. At very low density (0.3 cells per cm2) they did not survive. The addition of fibroblast growth factor to endothelial cells maintained at such low densities resulted in the formation of vigorously growing colonies of small, uniform cells. Electron microscopy showed that the cultured endothelial cells had the fine structure characteristics of endothelial cells. Immunofluorescence microscopy revealed antihemophilic factor (Factor VIII) antigen in the cells. Our results demonstrated that fibroblast growth factor permits the survival of endothelial cells plated at extremely low cell density. With the use of fibroblast growth factor, endothelial cell clones are easily produced. Endothelial cells constitute the inner lining of the blood vascular system. Because of their location at the interface between blood and tissue, they are the chief elements involved in the permeability of blood vessels (1, 2). Abnormalities of endothelial cell structure and function are prominent in the pathology of a number of diseases of blood vessel walls such as thromboangiitis (3) and microangiopathy (4).
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Since the continuity of the vascular endothelium is essential for the survival of the organism, the elucidation of the factors involved in endothelial cell survival and proliferation is important. Their survival and proliferation can be examined most easily in tissue culture.
Recently, several factors that promote the growth of cells in culture have been identified. One of the most potent is the fibroblast growth factor (FGF) which stimulates the growth of a variety of mesoderm-derived cells (5) .
Three observations have led us to examine the effect of FGF on vascular endothelial cells: (i) FGF is a potent mitogen for Balb/c 3T3 cells (6) . Although these cells are commonly referred to as fibroblasts, their morphology and the fact that they can produce vasoformative sarcomas in vivo (7) suggests that they are derived from vascular endothelium. (ii) Although FGF was named fibroblast growth factor when first isolated, subsequent studies have shown that it is a mitogen for a wide variety of mesoderm-derived cells (5) . Because the vascular endothelium is derived from the embryonic mesoderm, one would also expect endothelial cells to be responsive to FGF. (iii) FGF has been shown to promote the development of a regeneration blastema in the stump of amputated frog limbs (8) . Because Smith and Wolpert (9) were visible to the naked eye, they were trypsinize in a cloning ring. The cell suspension was then diluted and an aliquot was transferred to a 15 cm dish and maintained in DME with 10% calf serum and 100 ng/ml of FGF. When colonies which arose from single cells were visible the colonies were trypsinized in cloning rings and transferred to 6 cm dishes. Since colonies could develop from five cells plated in a 15 cm dish provided FGF was present, the colonies were so far apart that the probability that they arose from more than one cell approached zero. Cloned endothelial cell lines have been continuously passaged in our laboratory for the past 8 months. Adult bovine cells are passaged weekly at a i to 10 dilution and placed in DME with 10% calf serum and 50 ng/ml of FGF. The FGF is added every other day until the cells are nearly confluent, then the medium is changed to 5% calf serum without FGF. Fetal bovine cells are maintained as described for adult cells except that 5% calf serum is always used.
Tissue Culture of Smooth Muscle. After removal of the intima by scraping with a surgical blade, the media of the aortic arch was dissected with a scalpel and fragments (11) were cultured in DME with 10% calf serum and 100 ng/ml of FGF. Alternatively, small pieces of media were digested with 0.25% collagenase (EC 3.4.24.3) (Worthington) and the resulting cell suspension was cultured as described for endothelial cells. Cloning, as described for endothelial cells, was easily performed with the smooth muscle cells arising from the primary culture. FGF was routinely added to the culture medium to speed up the proliferation of smooth muscle plated at clonal density (5 X 10-2 cells per cm2).
Fluorescence Microscopy. The endothelial cells were identified by fluorescence microscopy using antihemophilic factor (AHF, Factor VIII) antigen as a marker. Rabbit antibodies against bovine AHF were a generous gift from E. Davie (University of Washington, Seattle) (12) .
The endothelial cells and/or smooth muscle were plated in DME with 10% calf serum and 100 ng/ml of FGF. The cells were washed for 5 mmn in phosphate-buffered saline, then fixed for 5 mmn in ethanol:methanol 1:1 (vol/vol) and dried. The dried cells were then stained as described by Jaffe et al. (13) , with dilutions of either rabbit anti-AHF serum or normal rabbit serum and a 1:50 dilution of fluorescein-conjugated goat antiserum against rabbit IgG. (21 generations) were plated at two cells per cm2 in 6 cm dishes in the presence of 10% calf serum. FGF (100 ng/ml every other day) was added to half the dishes. Twelve days later the media were changed and FGF was added to half the dishes that had been maintained without FGF. At the same time, half the dishes that had been maintained with FGF were switched to medium lacking FGF. Colonies were photographed under phase contrast at the time of the medium change (A-D) and the same colonies were photographed again 7 
RESULTS
Fibroblast growth factor as a survival agent Primary cultures were started with a few cells and the development of a uniform monolayer of endothelial cells depended on whether or not FGF was present in the medium. When bovine endothelial cells were plated in the absence of FGF, small colonies developed from cell aggregates during the first few days, but the cells looked unhealthy and became vacuolated (Fig. 1A) . In contrast, if FGF was present the cells proliferated vigorously and formed a monolayer (Fig. 1B) .
When third passage cells were plated at a very low density (2 cells per cm2) and maintained in 10% calf serum without FGF for 12 days, they formed very small colonies of large, irregular cells ( Fig. 2A and C) . In contrast, cells maintained with FGF formed much larger colonies of rapidly growing cells (Fig.  2B and D) . To see whether cells maintained without FGF for 12 days could yet be stimulated to proliferate, we added FGF to the cells shown in Fig. 2C . As shown in Fig. 2G , despite the addition of FGF, the cells all died 7 days later, just as did cells maintained the entire 19 days without FGF (Fig. 2E) . To see whether cells grown in FGF for 12 days would die when deprived of it, we put the cells shown in Fig. 2D into medium containing calf serum only. As shown in Fig. 2H , the cells continued to proliferate and were healthy 7 days later; they were very similar in appearance to cells maintained for the entire 19 days in FGF (Fig. 2F) .
In contrast with experiments done at low cell densities, cloned endothelial cells plated without FGF at high density (10,000 cells per cm2) survived but proliferated slowly (doubling time 72 hr) and eventually became vacuolated. This observation agrees with that of Gimbrone et al. (14) (Fig. 1A) . In the presence of FGF, the cells reached confluency and assumed the distinct appearance of contactinhibited cells (Fig. 3A) . The cells were homogeneous, closely apposed, with centrally located nuclei containing three to four nucleoli ( Fig. 3A and B) . The cell borders were not apparent by phase contrast microscopy (Fig. 3A) . While in early passage (first to fourth passage) only small and compact cells were seen; in later passages (sixth to twelfth) a number of large mono-and binucleated cells became evident (Fig. 3C ). These cells never constituted more than 2-5% of the total number of cells, but their presence was quite noticeable by light microscopy due to the large area they occupied.
Cultures of endothelial cells could be readily distinguished from cultures of smooth muscle. At high density, the smooth muscle cell cultures developed a distinct spatial organization consisting of a patchy monolayer of elongated cells arranged in parallel arrays. The arrays formed irregular bands of cells interspersed with multilayered hillocks. Each band appeared to be separated from the next one by wavy, transverse ridges ( Fig. 3D and E) .
To prove conclusively that the cells observed in the endothelial cell cultures were not contaminated by smooth muscle cells, we deliberately mixed cultures of these two cell types. Smooth muscle cells were plated together with cloned endothelial cells so that the smooth muscle cells made up 1%, 10%, or 50% of the total cell population. As seen in Fig. 4A , endothelial cell cultures contaminated with smooth muscle could be readily distinguished macroscopically from normal cultures free of contamination. While Giemsa-stained dishes of endothelial cells showed a uniform distribution of the stain, dishes containing as little as 1% contaminating smooth muscle had a mottled appearance, with colonies of smooth muscle cells growing as hillocks rising above the monolayer of endothelial cells. The difference was even more pronounced when the cultures were examined by phase contrast microscopy. Dishes containing endothelial cells showed the monolayer characteristic of that cell type (Fig. 4B ) while dishes containing both smooth muscle and endothelial cells showed elongated cells (presumably smooth muscle) growing on top of the monolayer (Fig. 4C, D, and E) .
Electron Microscopy. The cytoplasm of the cloned endothelial cells contains rough endoplasmic reticulum, free ribosomes, microtubules 250 A in width, as well as numerous micropinocytotic vesicles 500-1000 A in diameter. Small bundles of 60-70 A diameter filaments were observed at the cell peripheries. Weibel-Palade bodies (15) , which have been seen in human umbilical vein endothelial cells (16), were not clearly identified in our cells.
In contrast, the cytoplasm of smooth muscle cells was filled with bundles of 60-70 A diameter myofilaments interspersed with dense bodies, and contained extensive aggregates of rough endoplasmic reticulum, prominent golgi complexes, free ribosomes, and polysomes. Round osmophilic lipid bodies were present in many cells. These features were characteristic of cultured arterial smooth muscle (13) .
Fluorescence Microscopy. AHF antigen has been shown to be present only in tissue sections (17) , and cultured endothelial cells (13, 18) . When cloned bovine endothelial cells were examined by immunofluorescence for the presence of the AHF antigen, the cells showed a perinuclear reaction with distinct foci of fluorescence, suggesting that the AHF was present in small vesicles ( Fig. 5A and B best in 10% calf serum. Growth in 35% calf serum was similar to that observed with 10%. The addition of FGF greatly increased the rate of growth of cultures in either 10% or 35% calf serum (Fig. 6 ). Fetal calf serum (Gibco) was much less suitable for supporting growth.
DISCUSSION
Our results indicate that bovine endothelial cells will not survive at low density unless FGF is present; thus, FGF is needed for survival and is also a mitogenic agent for these cells (19, 20) . This is true for cells derived from vascular territories as different in age and origin as the bovine umbilical vein (5, 19) and the fetal or adult aortas. Similar results have been also obtained with human umbilical vein endothelium and endothelial cells derived from capillaries present in the bovine choroid plexus of the third ventricule (20) .
Endothelial cells in tissue culture have a morphology so characteristic that they cannot be confused with smooth muscle cells. Furthermore, they exhibit characteristics of differentiated endothelial cells in that they contain AHF. In this context, we found that the presence of AHF antigen in cultured endothelial cells is a better cell marker than the presence of Weibel-Palade bodies. By using immunofluorescence, one can examine a much greater number of cells than is feasible with electron microscopy. In addition, while the endothelium of the umbilical vein contains a high concentration of Weibel-Palade bodies, it remains to be established that similar high concentrations exist in endothelial cells of other vascular territories. It has been our consistent experience that endothelial cells of the aorta contain very few Weibel-Palade bodies which makes these organelles an inadequate marker. In contrast, the concentration of AHF antigen in endothelial cells from bovine umbilical vein is similar to that found in endothelial cells from the aorta.
Most reports of successful culture of endothelial cells to date have concerned cells obtained from the human umbilical vein (14, (21) (22) (23) (24) (25) (26) or from the rabbit (27) or bovine aorta (18) . Gimbrone et al. (14) reported that one third of their primary, human umbilical vein cultures did not reach confluency and that inocula of less than 1 (29) as well as by others (30) (31) (32) (33) that FGF could be similar to factor(s) present in platelets and involved in the control of survival as well as proliferation of vascular (31) and other cell types (29, (30) (31) (32) (33) . Kohler and Lipton (30) showed that 3T3 cells maintained in platelet-poor plasma serum can proliferate as well as those maintained in blood serum only when a platelet lysate is added to the medium. Ross and Glomset have shown that FGF can substitute for a platelet exCell Biology: Gospodarowicz et al. 4124 Cell Biology: Gospodarowicz et al.
tract to promote the growth of vascular smooth muscle cells maintained in platelet-poor plasma serum (31) . We have shown that FGF can substitute for a platelet lysate to promote the growth of 3T3 cells in platelet-poor plasma serum (32) . Westermark and Wasteson (33) have shown that either pure FGF or a partially-purified extract of platelets can be used to stimulate the proliferation of-human glial cells. We have found that platelet extract contains 0.01-0.05% of material that crossreacts with FGF by radioimmunoassay (unpublished observation). Because platelets are known to be involved in maintaining the integrity of the vascular endothelium in vtvo (34, 35) , it will be of interest to know the relationship between platelets, FGF and endothelial cells.
Note Added in Proof. The mitogenic effect of FGF on bovine vascular endothelial cells and vascular smooth muscle has been compared to that of epidermal growth factor (EGF). While FGF is a strong mitogen for both endothelial cells and vascular smooth muscle, EGF is not mitogenic for endothelial cells and has a small mitogenic effect on smooth muscle (36) . FGF also promotes the growth both of endothelial cells from human umbilical vein (when seeded at low density, 32 cells per cm2) and of bovine vascular endothelial cells derived from capillaries present in the choroid plexus of the third ventricle. In contrast, EGF has no effect on either cell type. FGF is thus mitogenic in vitro for cells derived from aorta, vein, and capillary endothelium. This latter observation correlates well with our observation that acrylamide implants of FGF in vivo induced the proliferation of capillaries in the rabbit cornea (20, 37) at a concentration as low as 1 ,ug of FGF per implant.
